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Abstract. Vertical ozone profiles measured in the period lack of ozone measurements was noted to persist for the
1996-2002 in the framework of the MOZAIC project (Mea- Mediterranean region and especially the Eastern part was
surement of Ozone and Water Vapor by Airbus in Servicemuch less studied till the mid-1990s, (Beck and Grennfeld,
Aircraft) for flights connecting Central Europe to the East- 1993; Scheel et al., 1997). The analysis of ozone measure-
ern Mediterranean basin (Heraklion, Rhodes, Antalya) werements made around Athens and at a rural site in Central
analysed in order to evaluate the high rural ozone levelsGreece (Varotsos et al., 1993; Kalabokas and Bartzis 1998;
recorded in the Mediterranean area during summertime. Th&alabokas et al., 2000; Kalabokas and Repapis, 2004) re-
77 flights during summer (JJAS) showed substantially (10—vealed fairly high rural ozone levels; around 60 ppb during
12 ppb, 20-40%) enhanced ozone mixing ratios in the lowersummer. This picture was confirmed by continuous measure-
troposphere over the Eastern Mediterranean frequently exments on the island of Crete (Kouvarakis et al., 2000) as well
ceeding the 60 ppb, 8-h EU air quality standard, whereasas measurements made during campaigns over the Aegean
ozone between 700 hPa and 400 hPa was only slightly (3€¢Kourtidis et al., 2002; Kouvarakis et al., 2002; Lelieveld
5ppb, 5-10%) higher than over Central Europe. Analysis ofet al., 2002; Roelofs et al., 2003). The weather conditions
composite weather maps for the high and low ozone casesyver the Eastern Mediterranean during summer are influ-
as well as back-trajectories and vertical profiles of carbonenced by eastward extensions of the Azores anticyclone and
monoxide, suggest that the main factor leading to high tro-the low pressure branch of the large South Asian thermal low.
pospheric ozone values in the area is anticyclonic influenceModelling studies of the large-scale dynamics (Rodwell and
in combination with a persistent northerly flow in the lower Hoskins, 1996; Rodwell and Hoskins, 2001) also suggest a
troposphere during summertime over the Aegean. On thestrong influence of the Indian Monsoon on the dry Mediter-
other hand the lowest ozone levels are associated with lowranean climate in summer, i.e. by Rossby wave interaction
pressure systems, especially the extension of the Middle Eastith the southern flank of the midlatitude westerlies produc-
low over the Eastern Mediterranean area. ing adiabatic descent and hence anticyclonic conditions at
the surface over the Western Mediterranean. The resulting
monsoon circulation over the Aegean Sea together with the
strong pressure gradient, due to the surrounding mountains
of the Greek peninsula in the West and the Anatolian plateau

Tropospheric ozone aained attention 2—3 decades ago. wh in the East, produces persistent northerly winds, the so called
posp 9 90, WNERL (0 sjan winds” (annual winds). This flow of the low tropo-

it was realized that increasing surface ozone levels observe . .
. ) . sSphere is most pronounced at the 850 hPa level (Repapis et
in urban areas and at rural sites were attributable to enhance

; S al., 1977). As a result, the Eastern Mediterranean is influ-
photochemical production in the troposphere (Volz and Kley, ) .

. . enced by advection from Europe in the lower troposphere

1988; Staehelin et al., 1994). Subsequently, research pro- . ; . . ) ; .

e . associated with the Etesian winds and subsidence in the mid-

grams and extended monitoring networks provided a rea- : .

. ) o dle and upper troposphere associated with the westerly flow

sonably comprehensive picture of the spatial distribution of. . .

X in the descending branches of the Asian thermal low and, to

surface ozone in Northern and Central Europe, whereas a :

a lesser extent, of the East African monsoon. It was also

Correspondence to: P. D. Kalabokas shown that the day-to-day variations in these two main fac-
(kalabokaspavlos@yahoo.gr) tors are linked to the Asian monsoon (Rodwell and Hoskins

1 Introduction
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@ 2002; Kouvarakis et al., 2002) concerning lower tropospheric
ozone, long-range transport is the main factor contributing
©zone mixing ratio (ppb) to enhanced ozone levels both at ground level and in the
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free troposphere and modelling results show that reductions
of local emissions have little influence on ozone levels. In

addition to the above observations, recent measurement and
modelling studies suggest that polluted air masses exported
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soih hibit high ozone production rates (Henne, 2005).
700 1 o The aim of this work is to further investigate the high sum-

mer rural ozone levels in the boundary layer around Athens
and the Aegean Sea, using vertical ozone profiles collected
over the Eastern Mediterranean within the MOZAIC project
(Marenco et al., 1998; Thouret et al., 1998; Sauvage et al.,
2005; Thouret et al., 2006) during flights connecting the
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®) Eastern Mediterranean and Central Europe. These MOZAIC
profiles constitute the largest data-set of summer-time verti-
Ozone mixing ratio (ppb) cal ozone measurements in the area. A parallel examination
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of the Eastern Mediterranean profiles with the Central Eu-
ropean profiles was undertaken in order to examine the pos-
sible influence on the Eastern Mediterranean ozone concen-
trations throughout the troposphere of the summer Eastern
I and Central European atmospheric outflow towards the East-
soth ern Mediterranean area (long-range transport of ozone and its
o precursors in the area or the subsidence of ozone-rich upper
tropospheric layers to the boundary layer). Finally, in order
to assess the role of meteorology on the tropospheric ozone
levels, attention was given on the analysis of the character-
istic meteorological conditions, in both regions, of the days

with the highest and the lowest ozone mixing ratios, respec-
Fig. 1. Distribution statistics of summer (JJAS) vertical ozone av- tively.

erages at the standard pressure lev@sin the Eastern Mediter-
ranean (77 profiles) an@) in Central Europe (75 profiles).
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2 Resultsand discussion

2001; Lelieveld et al., 2002; Ziv et al., 2004). Since 1994, within the framework of the MOZAIC pro-
The possibility for an influence of long range transport gram (Marenco et al., 1998) five commercial airliners have
from the European continent, North America and Southeasbeen equipped with instruments to measure ozone, water
Asia on ozone and its precursors over the Eastern Meditervapour, and carbon monoxide (since 2002). One aircraft
ranean has been discussed in several publications containirgarries an additional instrument to measure total odd nitro-
the results of two intensive measuring campaigns over thgen (since 2001). Measurements are taken from take-off to
Aegean (MINOS and PAUR), which took place during re- landing. Based on the dual-beam UV absorption principle
cent years (e.g. Van Aalst et al., 1996; Lelieveld et al., 2002;(Thermo-Electron, Model 49-103), the ozone measurement

Zerefos et al., 2002; Kourtidis et at., 2002; Kouvarakis etaccuracy is estimated at [2 ppbv+2%] for a 4s response
al., 2002; Gros et al., 2003; Roelofs et al., 2003; Sheeren eiime (Thouret et al., 1998). Based on an infrared analyser,
al., 2003; Traub et al., 2003; Volz-Thomas et al., 2003) Thethe carbon monoxide measurement accuracy is estimated at
main results of the MINOS campaign (Lelieveld et al., 2002; +5 ppbv +5% (Nedelec et al., 2003) for a 30 s response
Gros et al., 2003; Roelofs et al., 2003; Sheeren et al., 2003ime. The MOZAIC data base (http://mozaic.aero.obs-mip.
Traub et al., 2003) regarding the primary and secondary tracé/web/) was screened for summer flights between Central
gas concentrations of the lower and the middle tropospher&urope and the northern part of the Eastern Mediterranean
of the Eastern Mediterranean were that in the boundary layebasin. In total, ozone profiles from 77 flights exist: 26 to Her-
air quality standards regarding ozone are exceeded througlaklion (35.3 N, 25.2 E), 14 to Rhodes (362N, 28.7° E)

out the region, caused by West and East European pollutiomand 37 to Antalya (368N, 30.8 E). The departing Cen-
advected from the north. According to the main results oftral European airport for most flights was Vienna (48\1

the PAUR campaign (Zerefos et al., 2002; Kourtidis et at.,16.6° E) in addition to 6 flights from Frankfurt (50°N,

Atmos. Chem. Phys., 7, 3783-3790, 2007 www.atmos-chem-phys.net/7/3783/2007/
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8.5 E). The flights cover the period 1996-2002 arjd tOOKTabIe 1. Average difference in ozone (in ppb) between Central Eu-
place between June and September, almost exclusively duy

I ¢g{.l)e (Vienna, Frankfurt) and the Eastern Mediterranean (Heraklion,
ing weekends. Both ascent and descent data have been usgghodes, Antalya) for summer (JJAS). Relative differences (in per-

Concerning the distribution of the profiles, most of them (28) cent) are given in parenthesis.
took place in the year 1996, while in 1998 and in 2000 (years

with severe forest fires in Greece) only two profiles were Standard Pressure  Eastern Mediterranean —
taken. For the remaining years (1997, 1999, 2001, 2002) Levels hPa Central Europe (77 profiles)
10-13 profiles were recorded for the June-September period. ppb (%)

Finally, only one third of the profiles took place during the

period 1998-2001, which was warmer than the years 1996, 3880 332(2(3_%)1 )

1997 and 2002. 800 5.9 (12.1)
700 3.6 (6.6)

2.1 Average ozone profiles 600 53(9.1)
500 4.9(7.8)
400 4.1 (6.0)

For the following analysis the ozone profiles collected over
the Mediterranean and the corresponding profiles over Vi-
enna or Frankfurt were averaged over intervals of 100 hPa
(50 hPa for the lowest and highest levels): 1000 (1000-950)Table 2. Comparison of ozone averages between Central Eu-
900 (950-850), 800 (850-750), 700 (750-650), 600 (650—+ope (Vienna, Frankfurt) and the Eastern Mediterranean (Heraklion,

550), 500 (550-450), 400 (450-350) and 300 (350-300) hPaRhodes, Antalya) for the highest and lowest 25% of ozone concen-

. . . i hPainthe E Medi 1 files i h
The first step will be the determination of the average sum-tratlons at900hPa in the Eastern Mediterranean (19 profiles in eac

roup).
mer ozone values throughout the troposphere for both re—g P)
gions. Figure 1 displays median, 75 and 90 percentiles of
the frequency distributions of the average ozone values for siandard Average sd) ozone of Average (-sd) ozone of
each pressure level over the Eastern Mediterranean (Herak- pressure  the highest 25% cases in  the lowest 25% cases in

lion, Rhodes and Antalya) and the corresponding values ob- Levels Eastern Mediterranean ~ Eastern Mediterranean

tained over Central Europe (Vienna and Frankfurt) from the hPa (corresponding values in (corresponding values in
same flights. Table 1 summarises the differences between the Central Europe for the Central Europe for the
average ozone profiles collected over Central Europe and the Sarg‘e flights) Sarg‘e flights)

Eastern Mediterranean. In both regions the 90 percentiles PP PP

exceed the 60 ppb threshold at the 900 and 800 hPa levels. 1000 51.48.8(38.4:13.7) 36.2:7.3 (24.9£11.2)

In the Eastern Mediterranean, even the 75 percentiles are 900 62.8:3.6 (49.6:12.8) 40.6:4.3 (36.2:7.6)

still around 60 ppb_, about 10 ppb higher than over Central gi&i;ﬁgﬁgﬂ) ig&g:i Eig:gt;:g;
Europe. The median value over the Eastern Mediterranean g 67.9:9.2 (64.0:9.5) 55.8-10.2 (53.3-10.2)

is about 55 ppb between 900 and 700 hPa (Fig. 1a). Over 509 75.2:14.5 (65.4:8.4) 61.6:15.2 (60.4:12.9)
Central Europe, the median at 700 hPa is similar (55 ppb) 400 85.2:18.7 (73.4:18.4) 66.5:22.2 (63.8£14.0)

whereas significantly lower median values (42 ppb), are ob-
served in the lower levels (Fig. 1b). Clearly, the differences
in 0zone mixing ratios between the two regions are more prothe boundary layer, and from Western Europe in and directly
nounced in the boundary layer (9-12 ppb higher ozone valuesibove the boundary layer (Lelieveld et al., 2002).

in the Eastern Mediterranean, whereas only 3-5 ppb higher In order to investigate the influence of the prevailing me-
0zone mixing ratios are observed in the middle troposphere)teorological situation on the enhanced ozone values in the
The picture remains unchanged when the flights to AntalyaAegean boundary layer, two groups of profiles were selected
are excluded from the analysis. Antalya is located outsidefor further analysis: a) the quartile with the highest ozone
the Aegean channel deep in a gulf surrounded by high mounvalues in the Eastern Mediterranean boundary layer (19 pro-
tains and was not expected to be influenced the same way bijles) and b) the quartile with the lowest ozone values in the
the predominant summer northern flow as the other two airEastern Mediterranean boundary layer (19 profiles). The av-
ports. The results in Fig. 1 and Table 1 suggest that boundargrage ozone values for these two groups as well as their cor-
layer processes should be responsible for the enhanced swesponding values in Central Europe are presented in Table 2.
face ozone levels over the Mediterranean in comparison tdt is observed that the average ozone concentrations in the
Central Europe, which could be combined with results re-lower troposphere (700-900 hPa) for the highest ozone days
ported in the literature arguing that lower tropospheric ozonein the Central Mediterranean are at 60—65 ppb while for the
over the Eastern Mediterranean region is strongly influencedowest ozone days the average ozone values in the Eastern
by precursor emissions from Eastern Europe, remaining irMediterranean are at 40-50 ppb.

www.atmos-chem-phys.net/7/3783/2007/ Atmos. Chem. Phys., 7, 3783-3790, 2007
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Fig. 2. Average vertical ozone summer (JJAS) absolute (blue,
in ppb) and relative (red, in %) ozone differences in the East-
ern Mediterranean (Heraklion-Rhodes-Antalya) between the 25%

of the days with the highest ozone values at 925 hPa and the 25% of ™
the days with the lowest ozone values (19 profiles in each group).

. ”; Figure 2 th_e absolute and relative increases of Ozonef:ig. 3. Composite weather maps of geopotential heights at 925 hPa:
(in %) at the various pressure levels between the 10w 0Z0Ngay'tor the group of the 25% cases with highest ozone values at

and the high ozone days in the Eastern Mediterranean ar§oohpa (upper panel), and (lower par(@l for the group of the
plotted. Summarising from that figure, the MOZAIC profiles 259 cases with the lowest ozone values at 900 hPa in the Eastern
for the Eastern Mediterranean region show that significantlymMediterranean (19 profiles in each group).

higher ozone levels persistently prevail throughout the entire

tropospheric column for the “high ozone days” profiles. The

most pronounced difference between the high and the lowhavian low occurs. The 13—15 ppb difference observed in the

ozone days is observed at the 900 hPa level. boundary layer between the Eastern Mediterranean and Cen-
tral Europe is reduced to 3-5 ppb in the 600-700 hPa pres-
2.2 Composite weather maps sure levels resulted from the uniform westerly flow over the

whole of Europe in the middle troposphere (not shown here).
Figure 3 shows composite 925 hPa weather maps for eaciihe lowest EMED boundary layer ozone levels (40 ppb) are
group of profiles (high and low ozone days in the East-recorded when the Middle East low-pressure system is ex-
ern Mediterranean). The composite weather maps (avertended to the Western Mediterranean with a weak gradient
age pressure fields of selected days) were constructed frorgiig. 3b). Low ozone values are observed throughout the tro-
the NCEP/NCAR reanalysis, based on grids of<2% de-  posphere. It is known that contrary to the high pressure sys-
grees, for the days of the flights in each group following thetems linked with clockwise subsidence of tropospheric air,
procedure of Kalnay et al., 1996. The composite weathetthe low pressure systems are linked with upward counter-
map (Fig. 3a) for the highest quartile of ozone values inclockwise movement of air masses, raising in fact the bound-
the Eastern Mediterranean (EMED) boundary layer showsary layer air into the free troposphere. This upward air move-
weak anticyclonic systems over the Central Mediterraneamment is enhanced by the fact that the weak pressure gradients
and over the Balkans inducing stagnant conditions. A well-during Mediterranean summers are linked with vertical insta-
established northern current occurs in the boundary layebility due to thermal convection (Ziv et al., 2004). From the
over the Aegean due to the combined influence of the Cenabove analysis it comes out that a key factor leading to high
tral Mediterranean and the Balkan highs with the Middle Easttropospheric ozone values in the Eastern Mediterranean but
low-pressure system. High surface air temperatures are alsalso in Central Europe is the anticyclonic influence. Sum-
recorded in the area during this group of days. The averagener anticyclones are rich in ozone as they transport down-
900 hPa ozone value in Eastern Mediterranean is 63 ppb witlvards the upper troposphere ozone, which has a marked mid-
little variability (Table 2, second column). The correspond- summer peak over Europe (Thouret et al., 2006). At the same
ing 900 hPa average value in Central Europe is about 50 ppkime, the stable anticyclonic conditions are generally charac-
where a rather strong westerly airflow driven by the Scandi-terized by a pronounced mixing state and aging of boundary

Atmos. Chem. Phys., 7, 3783-3790, 2007 www.atmos-chem-phys.net/7/3783/2007/
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Table 3. Contribution of each atmospheric layer to the air arriving Ozone mixing ratio (ppb)
in Rhodes at 0—2 km on the high ozone days (4 cases) and on the low 0 102030 40 %0800 8090 100 10 420
ozone days (5 cases) for 10-days and 5 days backward simulations.

400 1

10 days 10 days 5 days 5 days

High ozone Low ozone High ozone Low ozone 500 1
0-2 29.3% 38.6% 40.5% 52.4% 600 |
2-4  25.6% 33.6% 29.2% 38.8%
>4  45.1% 27.8% 30.3% 8.8% 700 4
Total 100% 100% 100% 100%

800

900

Atmospheric pressure (hPa)

layer air. The anticyclone over the Central Mediterranean 140
entrains air masses to the Eastern Mediterranean region by
the established northerly flow on the eastern side of the anrig. 4. Vertical ozone averages over Rhodes during the highest
ticyclone. During the transport these air masses can be erszone days (4 cases, red line) and the lowest ozone days (5 cases,
riched with ozone precursors while passing over polluted ar-blue line) in summer 2002.

eas of the continent. Eventually, this can lead to an accumu-

lation of ozone over the Eastern Mediterranean region. In the

Aegean the frequent presence of the Central MediterraneamOZAIC profiles. The particles were advected backward
and the Balkan high pressure systems in combination within time over 10 days. Particles were transported both by the
the Middle-East low results in a persistent northerly flow in resolved winds and parameterized subgrid motions. FLEX-
the boundary layer, frequently quite strong and containingPART parameterizes turbulence in the boundary layer and in
high ozone amounts, which is in agreement with the resultshe free troposphere by solving Langevin equations (Stohl
of short-term campaigns in the area (Lelieveld et al., 2002;and Thomson, 1999). FLEXPART uses also a parameteriza-

Zerefos et al., 2002). tion scheme for convection (Forster et al., 2007). The res-
idence times of particles were output every 3h as 3-h av-
2.3 Back-trajectories erages. They are available at a grid spacing »fi’lin 3

layers between 0 and 2km, 2 and 4km, 4 and 20km. Per-
From our data-set, four cases from the quartile of the high-centage contribution of a geographical area to the chemical
est ozone values in the Eastern Mediterranean and five caseoncentration of a box centered along a MOZAIC profile is
from the quartile of the lowest ones have been recorded durealculated by dividing the total residence time of the 20 000
ing summer 2002. For that year some CO profiles from thereleased particles found in the area by the total residence time
MOZAIC project are also available. The meteorological con-in the whole output grid over 10 days.
ditions for the high and low ozone days in that particular The backward trajectory simulations for the 4 cases of
year are similar to those of the entire data-set. Likewise, ahigh ozone and the 5 cases of low ozone of the year 2002 in
significant difference of 20-25 ppb is observed in the aver-Rhodes are presented in Figs. 5 and 6 correspondingly. The
age ozone differences between high and low ozone days iRercentage contribution of each geographical area separated
the lower levels, which is maximized at 900 hPa inside thein three atmospheric layers (0-2 km, 2—4 km artkm) was
boundary layer (Fig. 4), indicating that the selected subgrougcalculated for the air parcels arriving at the 0-2 km layer over
of profiles is quite representative as similar ozone differenceshe Rhodes airport during the high and the low ozone cases
between high and low ozone days are observed also for the10-day backward simulation, Figs. 5-6). The corresponding
entire data-set. percentage contribution of each atmospheric layer to the air

For the determination of the air mass origin, the La- arriving in Rhodes at 0—2 km on high and low ozone days,

grangian particle dispersion model FLEXPART (version 6.2; for the 10-days and 5 days backward FLEXPART simula-
Stohl et al., 1998; Stohl et al., 2005) was used. FLEX-tions are shown in Table 3. For the 10-day trajectories about
PART was driven by model-level data from the European55% of the air masses arriving at 0—2 km at Rhodes on the
Centre for Medium-Range Weather Forecasts (ECMWF),high ozone days come from altitudes below 4 km, the contri-
with a temporal resolution of 3h (analyses at 00:00, 06:00 bution of this layer increases to 70% for 5-days trajectories.
12:00, 18:00 UTC; 3-h forecasts at 03:00, 09:00, 15:00,From Table 3 it is also inferred that subsidence is a critical
21:00 UTC), and 60 vertical levels. Horizontal resolution factor for the observed high ozone levels. In the 10-days for
was T x1x globally. 20000 particles were released from the lower altitudes (0—2 km) most of the contribution comes
grid boxes (0.%0.5°, 100m in height) centered on the from the Aegean area and especially the Turkish coast with

www.atmos-chem-phys.net/7/3783/2007/ Atmos. Chem. Phys., 7, 3783-3790, 2007
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0.001 001 01

Fig. 5. Percentage contribution of geographical regions after 10-Fig. 6. Percentage contribution of geographical regions after 10-
days FLEXPART backward simulation for the 4 high ozone casesdays FLEXPART backward simulation for the 5 low ozone cases
and for the 0-2 km air parcels arriving at Rhodg@g for the 0—2 km and for the 0-2 km air parcels arriving at Rhodé€a) for the 0—
layer, (b) for the 2—4 km layer(c) for the >4 km layer and d) for 2 km layer,(b) for the 2—4 km layer(c) for the >4 km layer andd)

the total atmospheric column. for the total atmospheric column.

Atmos. Chem. Phys., 7, 3783-3790, 2007 www.atmos-chem-phys.net/7/3783/2007/
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a small contribution from Central Europe (Fig. 5). In the Mediterranean and the Balkans anticyclones with the Mid-
2—-4 km layer the contribution of the Aegean area is still sig-dle East low predominates in the boundary layer, thus lead-
nificant but also a substantial contribution from the Balkans,ing to southward transport of polluted air from the Balkans
Italy and Central Europe is visible. The above-described sit-and Eastern Europe. The above arguments are supported by
uation corresponding to high ozone days is quite frequent irthe results of backward trajectory simulations for days with
the area and is also reported in the results of the MINOShigh and low ozone mixing ratios and by the few CO pro-
and PAUR campaigns (Lelieveld et al., 2002; Zerefos et al. files available for the Eastern Mediterranean. These findings
2002). come out from the analysis of the largest data set of summer
The corresponding geographical contribution for the dif- vertical ozone profiles available for this area and confirm the
ferent atmospheric layers during the low ozone days forresults of short-term intensive campaigns in the region, re-
the 10-days FLEXPART backward trajectory simulations is ported in the literature.
shown in the Fig. 6. Most of the contribution comes from
the lower layers of the Central and Eastern Mediterraneanacknowledgements. This work was supported by the Re-
advecting rather clean air to the measuring site, as it was alssearch Committee of the Academy of Athens. The composite
suggested by the composite weather maps. Table 3 showsgeather maps were provided by the NOAA/ESRL Physical
clearly that for the low ozone days the contribution of the Sciences Division, Boulder Colorado from their Web site at
lower atmospheric layers is more significant than during highhttp://www.cdc.noaa.gov/. MOZAIC was funded by the European
ozone days. Commission.

2.4 Profiles of carbon monoxide Edited by: A. Stohl

From the MOZAIC project (Nedelec et al., 2003) and for the
examined period in this study, 6 CO profiles exist collected
over Rhodes during summer 2002. The measured CO conReferences

centrations on high ozone days are significantly higher than
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